A heat-stable endogenous CO2 acceptor has been found in extracts of Rhodospirillum rubrum grown photoheterotrophically on acetate. Evidence is presented which suggests that this factor is propionic acid. Thus, paper and gas chromatographic analyses have indicated that propionic acid is present in boiled extracts prepared from R. rubrum cells. The products of "4CO2 fixation obtained with either the boiled extract or propionic acid as the CO2 acceptor were identical and were identified as methylmalonic acid and succinic acid by paper chromatography. The enzyme which catalyzes the carboxylation of propionyl-coenzyme A (propionylCoA carboxylase) was purified from R. rubrum cells grown on acetate and its properties were studied. The enzyme is similar to propionyl-CoA carboxylases isolated from mammalian sources.
Although the photosynthetic bacterium Rhodospirillum rubrum is capable of growing on acetate as its major source of carbon, the mechanisms whereby this organic acid is utilized for the biosynthesis of cellular material is to a large extent still obscure. Stanier et al. (16) showed that, in the absence of C02, acetate is assimilated to poly-,B-hydroxybutyrate (PHB), a j3-hydroxybutyrate polyester which serves as a major reserve material. CO2 is, however, essential for the biosynthesis of cellular protein from either acetate or PHB. Labeling studies have shown that amino acid synthesis from acetate and CO2 is not random, and they have suggested that pyruvate is formed by the addition of CO2 to an acetyl unit (5) . The absence of isocitrate lyase (11) prevents the synthesis of C-4 dicarboxylic acids by the glyoxylate pathway; whereas the recently described pyruvate synthetase reaction present in other photosynthetic bacteria (6) and certain anaerobic bacteria (2) has not yet been established in R. rubrum grown photoheterotrophically on acetate.
In fact, evidence presented by Anderson and Fuller (1) suggests that pyruvate synthetase is not an important enzyme for CO2 fixation in acetategrown cells. Thus, the metabolism of acetate by R. rubrum is still far from clear. This study was initiated to investigate a possible pathway of pyruvate synthesis through carboxylation reactions of C-4 acids. Such a reaction would give rise to a C-5 acid which, on subsequent transformations, could be cleaved to C-3 (e.g., pyruvate) and C-2 (e.g., acetyl) compounds. In initial experiments, CO2 fixation dependent on the addition of ,B-hydroxybutyryl (BHB)-coenzyme A (CoA) to the reaction mixture was easily demonstrated. Further studies, however, have shown that the role of BHB-CoA was to provide CoASH, and that the observed carboxylating activity was due to an endogenous heat-stable factor present in the crude extract. The evidence suggests that this factor is propionic acid. The results of these studies and those of the purification and properties of the propionyl-CoA carboxylase of R. rubrum are reported in this communication.
MATERIALS AND METHODS
Materials. Acetyl-, propionyl-, butyryl-, and succinyl-CoA were prepared from their corresponding anhydrides, as described by Simon and Shemin (13) . BHB-CoA was synthesized by the mixed anhydride 1774 ENDOGENOUS CO2 ACCEPTOR IN R. RUBRUM method of Wieland and Reuff (18) . Malonyl-and methyl malonyl-CoA were prepared by the method of Trams and Brady (17) . Hydroxamic acids were synthesized by the procedure of Stadtman and Barker (15) . All other chemicals were obtained commercially.
Growth of R. rubrum. Cultures of R. rubrum grown as previously described in Hutner basal medium (4) supplemented with 0.01 M sodium acetate was used as an inoculum. An 8% (v/v) inoculum of a mature culture was transferred to 20 liters of medium modified from the above by the omission of Casamino Acids and containing 0.02 M sodium acetate and 0.2% ammonium sulfate. At 12 hr after the end of log phase, the cells were harvested and washed with 0.02 M potassium phosphate buffer (pH 7.0) containing 10 mM mercaptoethanol (PM buffer). Approximately 2 g (wet weight) of cells was obtained per liter of medium. Cells were stored as a frozen paste at -20 C.
Paper chromatography. Paper chromatography of the organic acids was carried out in the following solvent systems: (A) n-butyl alcohol-ethylamine (12) Chromatography of the hydroxamic acids was carried out with (E) pyridine-isoamyl alcohol-water (4:3:1.9), and (F) pyridine-sec-butyl alcohol-water
(1:1:1).
Isolation of endogenous C02 acceptor. A 75-g (wet weight) amount of cells was suspended in 75 ml of water and heated in a boiling-water bath for 5 min. The precipitate was removed by centrifugation and the supernatant fluid was lyophilized after neutralization with KOH. The lyophilized powder was dissolved in 7.5 ml of water and the insoluble material was removed by centrifugation.
Gas chromatographic analysis was carried out as described by Lehnardt and Winzler (unpublished procedure). The analysis was performed on a glass column (0.4 X 90 cm) packed with 20% Tween 80-2% H3PO4 (w/w) on 60/80 Chromasorb W in a Microtek CG-2500 gas chromatograph modified for on-column injections. The detector output was integrated with an Infotronics model CRS 111 TSB Digital Readout system. The carrier gas was nitrogen and column temperature was isothermal at 105 C. Standard curves were constructed by using mixtures consisting of 0.02 to 0.18 /Amole/ml each of acetic, propionic, and butyric acid in 2 N HCl. The retention time for these acids was 6, 9, and 10 min, respectively.
14CO2 fixation assay. The following mixture was used for measurement of propionyl-CoA carboxylase activity (in umoles): tris(hydroxymethyl)aminomethane (Tris)-chloride buffer (pH 8.0), 20; adenosine triphosphate (ATP), 1.0; reduced glutathione (GSH), 1.0; MgCl2, 1.0; KH14CO3, 1.1 (1 X 106 counts per min per /Amole); propionyl-CoA, 0.25; and enzyme.
Final volume was 0.25 ml. The mixture was incubated at 30 C for 5 min and the reaction was stopped by the addition of 0.1 ml of ethyl alcohol-8 N acetic acid (1:1). After removal of the precipitated protein by centrifugation, a sample was placed on aluminum planchets and dried on a hot plate; the radioactivity was determined in a Nuclear-Chicago gas-flow counter. Under these conditions, the fixation of 14CO2 was linear for at least 10 min and was proportional to enzyme concentration. One unit of propionylCoA carboxylase catalyzes the fixation of 1 ,umole of 4C'O2 per hr under the conditions of assay.
14C02 fixation by other substrates was carried out essentially as described above with modifications as indicated. Examination of radioactive products after paper chromatography was carried out with a Packard Radiochromatogram Scanner.
Preparation of crude extracts of R. rubrum. Crude extracts were prepared by sonic oscillation of a 20% (w/v) suspension of packed cells in 0.02 M PM buffer. The cell suspension in 50-ml portions was disrupted with a Branson Sonifier for a total of 8 min. The extract was centrifuged at 15,000 X g for 10 min, and the supematant fluid was utilized in experiments described below, as well as for the purification of propionyl-CoA carboxylase.
Purification ofpropionyl-CoA carboxylase. Extracts were prepared as described above (starting material, 18 g of cell paste, wet weight). The crude extract was centrifuged at 144,000 X g in a Spinco model L ultracentrifuge for 60 min. All subsequent operations were performed at 0 C and centrifugations were carried out at 27,000 X g for 10 min. Solid ammonium sulfate was added to the supernatant fluid (73 ml) to bring the final concentration to 50% saturation. After 30 min, the turbid suspension was centrifuged; the precipitate was dissolved in a minimal volume of 0.02 M PM buffer and dialyzed against the same buffer. After dialysis, the ammonium sulfate fraction (5.7 ml) was applied directly to a diethylaminoethyl (DEAE)-cellulose column (2 X 20 cm) which had previously been equilibrated with 0.02 M PM buffer. The column was washed with 0.02 M PM buffer followed by 0.1 M PM buffer until no more protein was eluted as determined by absorption at 280 m,u. The propionyl-CoA carboxylase was eluted with 0.2 M PM buffer. The activity appeared after approximately 50 ml of eluate had passed through the column. The next 200 ml was collected and contained 85% of the enzyme put on the column with a 5.5-fold increase in specific activity. The pooled eluate was made 90% saturated with respect to ammonium sulfate; the precipitate that formed in 30 min was collected by centrifugation, dissolved in 0.02 M PM buffer, and dialyzed against the same buffer. The DEAE eluate (4.6 ml) was applied to a G-200 Sephadex column (2.5 X 50 cm) which had been equilibrated with 0.02 M PM buffer. The enzyme was eluted with the same buffer, and 2.0-ml fractions were collected. Separation of acetyl-CoA carboxylase from the propionyl-CoA carboxylase was achieved by this procedure. from the paper, the three acids were tested as substrates in the C02-fixation reaction. The acid corresponding to propionate was much more effective as a CO2 acceptor than the acid corresponding to acetate, whereas the third unidentified acid was only slightly effective as a CO2 acceptor.
Since the active factor was presumably the free acid requiring the formation of its CoA derivative before the carboxylation reaction, it should have been possible to form the hydroxamic acid in the presence of hydroxylamine. Hydroxamic acid formation dependent upon the addition of the boiled extract was obtained, and, on paper chromatography (solvent systems C, E, and F), hydroxamic acids corresponding to acetohydroxamic and propionohydroxamic acids were observed. In addition, a third hydroxamic acid, less polar than aceto-or propionohydroxamic acid, was also obtained and is possibly related to the unidentified acid described above.
Further identification of the acid components of the boiled extract was carried out by gas chromatographic analysis. Again, only three organic acids were found which gave retention times of 6, 9, and 13.2. Retention times of 6 and 9 correspond with acetic and propionic acids, respectively; the acid exhibiting a retention time of 13.2 may be the unidentified acid mentioned above. Quantitative studies by gas chromatography indicate that acetate and propionate were present in approximately equimolar amounts (3.5 ,umoles/g, wet weight, of cells).
When the products of the fixation reaction were examined by paper chromatography (Fig. 1 Incubation time was 15 min at 30 C and the final volume was 2.0 ml. The reaction was terminated by the addition of1.0 ml ofethyl alcohol-8 N acetic acid (1:1); precipitated protein was removed by centrifugation. Alcohol was removed by bubbling nitrogen through the reaction mixture for 30 min at 50 C. The reaction mixture was made alkaline with 1.0 ml of 1.0 N KOH and allowed to stand for 30 min at 50 C to hydrolyze the thioester. After neutralization with HCI to pH 7, the mixture was dried by lyophilization. The residue was dissolved in 0.5 ml, acidified by the addition of Dowex 50, H+, and chromatographed in solvent system C. extract (Table 3 ). When the products of "4C02 fixation, utilizing propionate as the substrates, were examined, results similar to those observed with the boiled extract were obtained (Fig. 1) .
Properties of the purified propionyl-CoA carboxylase. The purified carboxylase catalyzes the carboxylation of propionyl-CoA to methylmalonyl-CoA. Methylmalonyl-CoA was identified by (i) paper chromatography of the hydroxamic acid in solvent systems C, E, and F after treatment with hydroxylamine, (ii) paper chromatography of the acid in solvent systems B, C, and D after alkaline hydrolysis of the thioester, and (iii) by recrystallization of the p-bromophenacyl ester derivative (3) to constant specific radioactivity with authentic methyl malonic acid as carrier. In addition to propionyl-CoA, butyrylCoA and acetyl-CoA are also carboxylated but at much slower rates. Ethyl malonic and malonic acids, respectively, were identified as the products formed from these substrates by the procedures described above.
The Km values for propionyl-CoA, ATP, and CO2 calculated from Lineweaver-Burk plots were 1.3 X 10-4 1.4 X 10-4, and 5 The results presented in this communication have indicated that the properties of the purified R. rubrum propionyl-CoA carboxylase are very similar to the purified propionyl-CoA carboxylases isolated from bovine liver mitochondria and pig heart (7, 9 
